The microscopic behavior of the Ca-zeolite yugawaralite has been studied by ab initio molecular dynamics simulations adopting experimental cell parameters obtained at pressures up to ∼9 GPa. Pressure-induced volume contraction occurs via rotations of quasi-rigid TO 4 tetrahedra that reduce the size of the channels in which the extra-framework species are located. Such rotations are governed by deformation of the coordination polyhedron of Ca, which is made up of water and framework O atoms. Contraction of the Ca-H 2 O distances is favored at moderate pressure; at higher pressure the shortening of Ca-framework O atom distances becomes prevalent. The hydrogen bond network plays a fundamental role in the overall response to pressure. Our results indicate that the high-P-induced deformation of the framework structure is strictly correlated to the extra-framework species that act as "templates" in the compression process.
INTRODUCTION
Studies performed on the high-pressure (high-P) behavior of zeolites using non-penetrating pressure-transmitting media demonstrated that the compressibility of the zeolites studied to date is not only related to the framework density and topology, but is also affected by the type, amount, and location of the extraframework species (Arletti et al. 2003; Gatta et al. 2003a , and references cited therein). Moreover, the bulk modulus and the ß exibility shown by framework microporous silicates show more complex behavior than that predicted by the "rigid-unit modes" theory (Dove et al. 1995 (Dove et al. , 2000 Hammonds et al. 1997 Hammonds et al. , 1998 .
Recent combined experimental-computational studies of the high-P behavior of scolecite and bikitaite indicate that zeolitic water plays a relevant role in the overall response of the zeolite framework to pressure.
The high-P deformation mechanism in scolecite (Ballone et al. 2002; Comodi et al. 2002 ) is based on the rotation of the tetrahedral chains parallel to c and the consequent compression of the channels. In addition, the formation of a strong water-water hydrogen bond, accompanied by the rotation of a water molecule of about 90º, was observed. Upon high-volume reduction, this inter-water bond remains the most stable and the best deÞ ned hydrogen bond in the system, while a few other transformations in the hydrogen bonding conÞ guration were observed. This restructuring of the water-hydrogen bonding system was identiÞ ed by the authors as the driving force for the transition undergone by scolecite under pressure and as a crucial feature affecting the channel geometry and the cell volume.
The effect of the extra-framework content on the compressibility of the Þ brous zeolites scolecite and edingtonite was also discussed by Gatta et al. (2003a Gatta et al. ( ,b, 2004 . The authors underlined the high bulk modulus values of the and 72(5) GPa, respectively] with respect to the bulk modulii of the zeolite structures as a whole.
The peculiar aspect of bikitaite (Ferro et al. 2002) , i.e., the presence of a "ß oating" one-dimensional water chain, is only partially maintained at high-P; the compression brings framework O atoms close enough to water hydrogen atoms to allow the formation of host-guest hydrogen bonds, without, however, destroying the one-dimensional chain. The volume decrease with pressure is achieved by rotation of the tetrahedral units. This rotation occurs in such a way as to Þ ll spaces characterized by the lowest electronic densities, i.e., spaces with low extraframework species content.
The effects of different extra-framework cationic species on the compressibility of the synthetic zeolites Li-, NaCs-, and Cd-RHO in centric and acentric forms were studied by Lee et al. (2001) . Cation-speciÞ c pressure responses were observed, made even more complex by sorption mechanisms due to the use of partially penetrating P-transmitting media. Moreover, an important role was attributed to the type of guest species (charge balancing cations or template molecules) in the reversibility of the pressure-induced amorphization of clathrasils (Tse et al. 1992 ) and of cation-exchanged LTA zeolites (Huang and Havenga 2001) . In particular, it has been proposed that these guest species can act as "organizing centers" favoring reversibility of the amorphization process. * E-mail: simonaq@unimo.it
The "template" effect of the extra-framework content on zeolite compression: The case of yugawaralite
In this study we present microscopic-level results, from computer simulations, on the high-P behavior of yugawaralite. This microporous material was chosen for the following reasons: (1) its framework density (Baerlocher et al. 2001 ) is intermediate between that of zeolite A and bikitaite, the zeolites studied under high-P with the lowest and highest framework density, respectively; (2) only one type of extra-framework cation (calcium) is present in the channels, and it has an ordered distribution; and (3) the distribution of the water molecules is, on the contrary, disordered at different crystallographic sites. Moreover, yugawaralite contains one partially occupied water site not coordinated to cations.
The speciÞ c aims of this investigation are the description and the interpretation at an atomistic level of: (1) the deformation mechanism of yugawaralite, (2) the two discontinuities found by Arletti et al. (2003) in the pressure-cell parameters dependences, and (3) the effects of the distribution of the water molecules on the response of this zeolite to applied pressure. To these aims, ab initio molecular dynamics computations, based on the experimental cell parameters determined under pressure, were performed.
THE ZEOLITE YUGAWARALITE
Yugawaralite is a Ca-zeolite whose framework topology (framework type YUG; Baerlocher et al. 2001; Armbruster and Gunter 2001) can be described by a pair of 5-membered rings sharing an edge (Fig. 1) . These units share one branch, thus forming chains running parallel to a; each chain is connected to the adjacent one, forming sheets in the a-c plane. The sheets are superposed to form channels parallel to [100] (Fig. 2) and [001] that are limited by 8-rings. The topological symmetry C2/m is reduced to the real symmetry Pc by the (Si,Al) ordering. There are one cation and Þ ve water extra-framework sites. Water molecule sites W 2 and W 3 are fully occupied, whereas W 1 and W 4 occupy two alternative positions (W 1 or W 1A and W 4 or W 4A ) about 0.5 Å from each other. The water site W 5 has an occupancy of 25%. The Ca cation is coordinated to four framework O atoms and four water molecules (Kvick et al. 1986 ). The water molecule at the W 5 site is the only one not coordinated to Ca.
The cell parameters and stability of yugawaralite were determined by Arletti et al. (2003) via in situ synchrotron X-ray powder diffraction from room pressure to 10 GPa using a nonpenetrating P-transmitting medium. The structure is very stable up to the highest investigated pressures and no amorphization is observed in the studied P range. Moreover, the features of the ambient pressure pattern are almost completely recovered upon decompression. The a and c cell parameters contract by about 7%, while very minor variations affect the b (2.4%) and β (1.3%) parameters. All the cell parameters show two discontinuities, between 1.5 and 2 GPa and between 3.9 and 5.3 GPa (Fig. 3 in Arletti et al. 2003) . The corresponding decrease in the compressibility values suggests a change in the response to pressure mechanism.
COMPUTATIONAL METHOD AND SIMULATION MODELS
Simulations were performed with the Car-Parrinello ab initio molecular dynamics (MD) technique (Car and Parrinello 1985) in the NVT ensemble with a Þ xed number of atoms and cell parameters (volume) and a Þ xed temperature of 298 K (Nosé 1984) . From the experimental curves reported by Arletti et al. (2003) for cell parameters vs. pressure, we sampled values corresponding to some characteristic points close to the discontinuities and used them for the ab initio MD simulations. Reference simulations adopting the experimental cell parameters found at room pressure (P amb ) were performed as well. The values of the cell parameters, volumes, and corresponding experimental pressures for the simulated systems are reported in 9 (YU9W from now on), which corresponds to the unit-cell content experimentally determined at P amb by Alberti et al. (1994) .
In particular, the system contains one Ca atom and Þ ve H 2 O molecules in the Þ rst unit (UNIT I) and one Ca atom and four H 2 O molecules in the second (UNIT II) (Fig. 2 ). This choice corresponds to an overall occupancy at the W 5 site of 50%, larger than that experimentally determined (25%) by Alberti et al. (1994) . However, simulation of the precise experimental W 5 site occupancy would have required the use of large and computationally demanding simulation cells. The water content of the simulation model was assumed to be constant in the studied pressure range, based on previous experimental studies of zeolites under pressure (Gillet et al. 1996; Comodi et al. 2001 Comodi et al. , 2002 Gatta et al. 2003 Gatta et al. , 2004 , which report no sign of dehydration with compression.
The electronic structure calculations were performed via density functional theory (Kohn and Sham 1965 ) using gradient-corrected functional approximations for the exchange (Becke 1988) and correlation (Perdew 1986) energies. The electronic states were expanded in plane waves up to a cutoff energy of 60 Ry. Only valence electrons were explicitly taken into account, and the ionelectron interactions were described by separable norm-conserving pseudo-potentials of the Kleinmann-Bylander form; d-nonlocality was adopted for the Si, Al, and O atoms, p-nonlocality for the Ca atoms, whereas a local norm-conserving pseudopotential was used for the H atoms (Troullier and Martins 1991; Kleinmann and Bylander 1982) . The parameters used for integration of the equations of motion were a time step of 0.121 fs and an electronic Þ ctitious mass of 500 au. All simulations were performed with the CPMD code (Hutter et al. 1990 (Hutter et al. -2001 (Hutter et al. , 1997 (Hutter et al. -2001 . This computational scheme is essentially the same as that adopted in previous studies of the behavior of hydrated and dehydrated zeolites and other framework minerals at atmospheric temperature and pressure, high pressure, or high temperature (Fois et al. 2001; Ferro et al. 2002; Alberti et al. 2003; Ceriani et al. 2004 ).
ATOMISTIC INTERPRETATION OF THE DEFORMATION

MECHANISM
Average structures
The calculated atomic positions, averaged over the trajectories and over the two units -with the exception of W 4 and W 5 (present only in UNIT I) and W 4A (present only in UNIT II)-are reported in Table 2 1 . Figures 2a-e show projections of the yugawaralite structure along [100] obtained from the Þ ve simulations of theYU9W system, without averaging over the two units. This may be used to identify the atoms corresponding to the labels used in Tables  3b-6 .
Calcium coordination polyhedron. In all the simulated systems, Ca is always coordinated to the same four water molecules (W 1 , W 2 , W 3 , W 4 ). Water molecule W 5 (occupancy 50%) is never found coordinated to Ca. However, the Ca coordination changes with pressure. In particular, while at P amb and 1.5 GPa each Ca atom is coordinated to four framework O atoms (O 3 , O 7 , O 9 , O 12 ), at 3.9 GPa a Þ fth framework oxygen (O 2 ) enters the Ca coordination shell. At 6.3 GPa O 3 leaves the Ca coordination shell and the cation becomes, on average, eight coordinated again. Such a coordination is conserved at 8.8 GPa as well (see Table 3a ). The O 2 ↔ O 3 exchange may be understood by considering that both O 2 and O 3 belong to the tetrahedron centered on Al 1 , and that such a tetrahedron rotates as a function of pressure. Upon TABLE 1. Cell volumes, unit-cell parameters and total simulation time of the simulated systems Table 2 and Table 4 , deposit item AM-04-002, please see the MSA website (see inside front cover of a recent issue for current url information) or contact the MSA business ofÞ ce. rotation, O 2 moves to a coordination distance from Ca, and at the same time, O 3 starts to increase its separation from the Ca cation located in the neighboring unit (see Fig. 2e ).
On the whole, in our simulations we detected two changes of coordination for the extra-framework Ca cation. The Þ rst, at P > 1.5 GPa, is related to the approach of O 2 to Ca. The second, at P > 3.9 GPa, is related to the loss of O 3 from the Ca coordination shell. It is interesting to note that such modiÞ cations occur in correspondence to the experimentally detected discontinuities of the cell parameters with P, and suggest a fundamental role of extra-framework species in determining the yugawaralite response to pressure.
Another interesting point concerns the Ca-O 7 and Ca-O 12 bonds, which are always present and nearly aligned along b (see Fig. 2 ); these bonds, pointing toward opposite channel walls, brace the channel apertures, thus explaining the moderate contraction of the b parameter with increasing pressure, as pointed out by Arletti et al. (2003) . Let us now consider the O 7 -O 12 and O 14 -O 5 distances (both nearly parallel to b) as a function of pressure. Up to 3.9 GPa both distances are only slightly affected; the O 7 -O 12 distance in particular is nearly constant (Fig. 2) . At higher pressures, both distances contract signiÞ cantly, however, the O 14 -O 5 contraction (∼18%) is much larger than the O 7 -O 12 contraction (∼3%). This Þ nding is related to the supporting effect of the extra-framework cation in the 8-ring channel, as already discussed.
Further insight on the inß uence of Ca and of the other extraframework species on the compression mechanism of yugawaralite can be gained by inspecting the radial distribution functions of Ca, with both framework and water O atoms as a function of the volume contraction (Figs. 3a-b) . The position of the peak of the Ca-O water radial distribution function g(r) (Fig. 3b) gradually shifts toward shorter distances in passing from P amb to 3.9 GPa, indicating a P-induced shortening of the coordination distances from the water O atoms. A pressure increase to 6.3 GPa does not lead to a further decrease of the average Ca-O water distances. On the other hand, the position of the maximum in the Ca-O frame g(r) (Fig. 3a) remains nearly constant up to 3.9 GPa, whereas a further increase of pressure induces a signiÞ cant shift of this maximum toward shorter distances. These results indicate that moderate pressures (1.5-3.9 GPa) primarily affect the water coordination distances from Ca. In this range the Ca coordination polyhedron undergoes, therefore, the energetically cheapest modiÞ cations, i.e., shortening of the distances from the more mobile water molecules. On the other hand, at higher pressures, contraction of the Ca-O frame distances becomes energetically more favorable than a further decrease of the Ca-O water ones. Framework. The average tetrahedral volume decrease calculated from our simulations amounts to about 3%, a small contraction with respect to the 15% cell volume change experimentally determined in the range P amb to 8.8 GPa. This Þ nding, which is in line with the high-P behavior of other silicates, further supports the idea that TO 4 tetrahedra behave as quasi-rigid bodies; rigid rotations are energetically favored rather than T-O distance contractions under applied pressure, as predicted by the RUM theory (Dove et al. 1995; Hammonds et al. 1997 Hammonds et al. , 1998 .
The O frame -O frame g(r), shown in Fig. 4a , does not vary signiÞ -cantly with pressure; both the position and the shape of the Þ rst peak are nearly constant up to the highest investigated pressure. This Þ nding is not surprising because the position of the Þ rst peak of the O frame -O frame g(r) is related to the quasi-rigidity of the TO 4 tetrahedra and, therefore, to the value of the O-T-O angles, which are always found to be very close to the ideal tetrahedral value of 109.4°, and to the T-O distances. The Si-O frame and Al-O frame g(r) are shown in Figures 4b-c. In both cases the position of the Þ rst maximum, corresponding to the T-O tetrahedral bond distances, is, as expected, nearly constant. Remarkably, the position of the second peak, which is related to the distance between the T and O atoms of the neighboring tetrahedral units, signiÞ cantly shifts toward shorter distances with increasing pressure. This conÞ rms our belief that the applied pressure mainly affects the T-O-T angles by the energetically cheaper rigid rotations of the tetrahedral units; indeed, the contraction of the average T-O-T angle, reported in Table 4 1 , amounts to ∼9° in passing from P amb to 8.8 GPa. In particular, all Si-O-Si angles decrease with P, whereas the Al-O-Si angles show both positive and negative variations. Moreover, the behavior of the Si-O frame (Fig. 4b) and Al-O frame g(r) curves (Fig. 4c) is rather different at P ≥ 6.3 GPa. The Si-O frame g(r) does not change signiÞ cantly, whereas a new shoulder appears at r ≈ 3 Å in the Al-O frame one. Such a behavior suggests that, under high pressure, the deformation of the framework occurs preferentially around the Al tetrahedra. On the basis of these Þ ndings it may be argued that the second discontinuity in the V/P curve (Arletti et al. 2003 ), which we have already attributed to a change of Ca coordination, is also related to the response of the AlO 4 tetrahedra. This is fully consistent with the above Þ ndings, recalling that both O 2 and O 3 framework O atoms, involved in the Ca coordination change, belong to an Al tetrahedron.
An important effect of pressure on the yugawaralite framework is the corrugation undergone by the chains of tetrahedra running parallel to c, which is shown in Figure 2 . This can be quantitatively described by the T-T distance distributions. The Þ rst peak of the Si-Si and Al-Al g(r) curves (Figs. 4d-e) is unimodal at all the investigated pressures. However, in passing from P amb to 8.8 GPa the P-induced shift of the Þ rst peak position in the Al-Al g(r) is almost twice as large as in the Si-Si one (0.35 vs. 0.20 Å). The Al-Si g(r) values, shown in Figure 4f , highlight another interesting feature: the g(r) at P amb shows an unique peak centered at about 3.1Å, with increasing pressure this peak splits, and above 6.3 GPa the distribution is clearly bimodal (with two maxima at ∼2.95 and ∼3.2 Å). This indicates that, at conditions far from P amb , the yugawaralite structure is characterized by two distinct groups of Si-Al distances. Calculation of the individual Al 1 -Si and Al 2 -Si g(r) values showed that the distances are found at ∼2.95 Å, thus conÞ rming the P-induced corrugation of the Al 1 -Si 2 tetrahedral chain running along c. Conversely, the peak The described response of yugawaralite to pressure is actually governed by the presence of the extra-framework species that act as templates in driving the framework deformations. Such template effects may be appreciated by inspecting Figures 3c  and d . Due to electrostatics, Ca is close to O atoms linked to Al, therefore the Ca-Al distances can be considered optimal, and indeed only high pressures (P ≥ 6.3 GPa, i.e., after the second discontinuity in the V/P experimental plot) are capable of shortening such distances in a discontinuous way. In the Ca-Si g(r) values, however, such an effect is evident even at moderate pressures, with Ca-Si distances that decrease continuously with volume contraction. This implies that SiO 4 tetrahedra, via P-induced T-O-T angle deformations, get closer to Ca without evident discontinuity. The yugawaralite framework is therefore responding to pressure by rearranging its tetrahedra around Ca to reduce the free spaces in the channels.
The water system. The calculated H-O frame and H-O water g(r) values are shown in Figures 3 e-f. We Þ rst noticed that the water system undergoes signiÞ cant structural changes in passing from the moderate pressure regime (P ≤ 3.9 GPa) to higher pressures (P ≥ 6.3 GPa). In particular, the H-O water g(r) curve becomes less distinct in the 1.5-2.4 Å range, i.e., in the region corresponding to water-water hydrogen bonds; the peak at ∼1.75 Å found at moderate pressures broadens signiÞ cantly for P ≥ 6.3 GPa. Moreover, the H-O frame g(r) curves calculated for P ≥ 6.3 GPa show a new peak at about 2.5 Å, i.e., in a region corresponding to a minimum at lower pressures.
On the whole, these results indicate that structural modiÞ cations in the hydrogen bonding network occur in correspondence with the second discontinuity in the experimental V/P curve (Arletti et al. 2003) . At P ≤ 3.9 GPa the g(r) values indicate strong inter-water hydrogen bonds, whereas at higher pressures a larger number of framework O atoms are found at hydrogenbonding distances from water hydrogen atoms, thus weakening, on average, the inter-water interactions. This result corresponds with that found for the water molecules in bikitaite at high-P (Ferro et al. 2002) , where volume contractions caused stronger water-framework interactions.
Inß uence of the occupancy of the W 5 site on the high-P-induced deformations
In this section the P-induced deformations of UNIT I and II are compared. As mentioned above, the simulation system YU9W is characterized by a 50% occupancy of the W 5 site, i.e., a water molecule occupies this site in UNIT I whereas in UNIT II the W 5 site is empty.
In general, the framework geometrical parameters calculated for the two distinct units of the YU9W system, for instance the T-O-T angles (Table 4 ) and the O 8 -O 9 and O 5 -O 14 distances (Fig.  5) , may show very different P responses. The reason why these P-induced deformations are different in UNITs I and II should be looked for in the different hydrogen bonding network formed by water molecules according to the presence/absence of a molecule at the W 5 site. Indeed, in UNIT I the water molecule W 5 forms a strong hydrogen bond with W 1 , whereas when W 5 is absent (UNIT II), W 1 is no longer involved in this inter-water hydrogen bond and can therefore interact more strongly with the framework O atoms (see Table 5 and Fig. 2) . Similarly, W 3 forms stronger hydrogen bonds with framework O atoms in UNIT II than in UNIT I. Such stronger water-framework interactions seem to be correlated to the different deformations of UNIT II found in our simulations.
The behavior of the water molecules is far from simple, as small P-induced changes in cell parameters lead to rearrangements in the hydrogen bond network. Only the W 2 water has been found linked to the same hydrogen bond partners (O 6 and O 15 ) in both units and at all pressures; the W 2 II molecule becomes hydrogen bonded to a third framework oxygen, O 6 II, at 6.3 GPa. A possible explanation might be its interaction with a framework oxygen bonded to an Al (O 15 ) atom, which is less saturated than framework O atoms linked to Si atoms only, and therefore leads to the formation of a very strong and stable hydrogen bond. The high-P behavior of W 2 is also in line with the results of dehydration experiments on yugawaralite (Alberti et. al 1996) . At high temperature, W 2 is one of the most stable water molecules, so that its loosing at 200 ºC causes the structure collapses.
With increasing pressure the other molecules change by rotating either the type or the number of partners, also showing equilibrium among different arrangements within the same trajectory. This indicates that there are moderate energy differences between the diverse structures sampled by the room temperature simulations. Moreover, the activation energies for the inter-conversion of one arrangement to another one should be small, typically of the order of kT.
The bond distances and angles of the nine water molecules are reported in Table 6 . In general, applied pressure does not signiÞ cantly affect the molecular geometry of water, with the exception of W 1 in UNIT I. Such a water molecule at P ≥ 6.3 GPa shows the smallest HOH angle (∼101°, see Table 6 ), whereas the W 1 bond angle in UNIT II is larger than the ideal value of 104.5°. This may be related to the number of hydrogen bonds involving W 1 I at high-P: two very strong (as proton donor) with W 5 and O 16 and a weaker one (as proton acceptor) with W 3 , which is missing at lower pressure (see Table 5 ). Moreover, the occupancy of the W 5 site affects the hydrogen bond network formed by the water molecules not directly interacting with W 5 as well. For instance, both W 3 and W 4 show a very different behavior as a function of pressure in the two units (see Table 5 ). At moderate pressure, W 3 and W 4 are hydrogen bonded to each other both in UNIT I and in UNIT II, however W 3 acts as a proton donor and W 4 as a proton acceptor in UNIT I, whereas the opposite is found in UNIT II. Above the second V/P discontinuity (P > 6.3GPa), W 3 and W 4 in both units are no longer linked to each other. However, they are still different in the two units: W 3 I becomes hydrogen-bonded to W 1 I and weakly to O 11 , whereas W 3 II is strongly linked to O 8 and weakly bonded with O 11 and O 15 .
To understand whether the chemical environment (e.g., the nearest neighbor atoms) may signiÞ cantly affect the physical properties of the water molecules as well, we have calculated the dipole moment of the water molecules (Silvestrelli and Parrinello 1999) . We have chosen some conÞ gurations selected along the P amb and 8.8 GPa trajectories. The average dipole moment <μ> of water in yugawaralite at P amb is 3.02 D, whereas at 8.8 GPa it is 3.17 D. No clear correlation has been found between the value of the dipole moment of the individual water molecules and their environments. All molecules have a calculated dipole moment in line with the values typical of water in the condensed phase (μ ∼ 3 D). It is interesting to notice that the W 5 dipole moment is very close to <μ>, and thus is not different from those of the other water molecules that are Ca-coordinated. However, such polarization can be ascribed to the hydrogen bond network involving W 5 .
As the occupancy of the W 5 site inß uences the behavior of the whole water system, it follows as well that the Ca coordination polyhedron should be affected, even though the Ca atom is never coordinated to the water molecule at W 5 . The average coordination distances of Ca in UNITs I and II with both framework and water O atoms are slightly different in the whole pressure range (Table 3b ). For instance, at moderate applied pressures the Ca-O 9 distance is signiÞ cantly larger in UNIT II than in UNIT I, and the same happens for the Ca-W 3 and Ca-W 2 distances. In general, the radius of the coordination shell of Ca in UNIT I is always shorter than in UNIT II, owing to the W 5 water molecule, which forces a more compact arrangement of the Ca coordination polyhedron. It is also worth noticing that the Ca-W 2 distance in UNIT II -where W 5 is absent -becomes larger with increasing pressure and at 8.8 GPa is ∼0.2 Å larger than the average coordination distance.
The binding energy of W 5
The results presented up to now unambiguously show that the presence of a certain amount of water at the W 5 site in yugawaralite affects the coordination shell of the extra-framework cation at a microscopic level, and the hydrogen bonding network and their response to pressure as well. Moreover, different local distortions of the framework structure also occur. It would be interesting, therefore, to investigate the energetic stability of W 5 as a function of increasing pressure.
For each set of cell parameters obtained from XRPD, the binding energy of W 5 was calculated by subtracting from the minimum energy of YU9W the sum of the minimum energies of a system (YU8W) containing 8 water molecules per unit cell (with zero occupancy of W 5 ), and of an isolated water molecule in the same simulation cell. The energy minimum for each system was obtained by optimizing the energy vs. the atomic positions until the forces on each atom were less than 1 × 10 -4 atomic units. The computational parameters adopted in this new set of calculations (i.e., energy cutoff and gradient functional approximations) were the same used for the previously discussed MD simulations. For each point in the V/P curve, the energy difference ΔE = E YU9W -(E YU8W + E W5 ) was calculated and reported in Figure 6 . Remarkably, ΔE is negative at low pressures and becomes positive for P > 2.5 GPa, indicating that the binding energy of W 5 in yugawaralite decreases with pressure. This fact is not surprising when considering that the yugawaralite volume contraction in the P amb -8.8 GPa range amounts to 125 Å 3 , corresponding to ∼4 times the volume of a water molecule at room conditions in the liquid phase. By increasing pressure, therefore, the presence of W 5 might induce energetically unfavorable local structural deformations in the yugawaralite framework.
It should be recalled here that our simulation systems are characterized by a W 5 occupancy higher than the experimental one, therefore the effects of W 5 might be overemphasized. However, the trend of the calculated energy differences should not be qualitatively modiÞ ed. We also point out that in the optimization processes, various local minima, characterized by very small energy differences of the order of kT at 300 K), were found, thus supporting the idea that at ambient temperature the system may easily jump among different local-minima structures, as previously discussed.
For the cell parameters corresponding to the lowest (8.8 GPa) and highest (P amb ) studied volumes we performed room temperature MD simulations for the YU8W system. The main result of such simulations without W 5 is that, in passing from P amb to 8.8 GPa, the P-induced O 2 ↔ O 3 exchange in the Ca polyhedron is observed in the YU8W system as well. Hence, such a transformation, responsible for the discontinuities in the V/P experimental curve, occurs independently of the W 5 occupancy, is easily understandable by recalling that W 5 does not belong to the coordination polyhedron of Ca. However, as discussed above (see, e.g., Fig. 5 ), even W 5 plays a role in the details of the yugawaralite response to pressure. Hence, the inß uence of W 5 on the framework structure further supports the hypothesis of the template effect of the extra-framework species in driving the zeolite framework deformation upon compression
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